Introduction
During embryonic development cells undergo a sequence of developmental decisions, usually in response to external signals (Gilbert, 2010; Slack, 2012; Wolpert and Tickle, 2011) . At each stage the cell state is defined by a combination of transcription factors that controls the activity of the appropriate repertoire of genes. For each cell lineage the end product of the sequence of decisions is a specific differentiated cell type. It is possible to alter the pathway taken by a lineage in two ways. During the stage of competence to extracellular signals, the cell may be caused to develop down a different pathway by exposure to a different extracellular factor or to a different concentration of the same factor. This is why grafts of embryonic tissue from one position to another are often caused to develop in a manner consistent with their new position. In addition it is possible to alter the course of development by misexpression of those transcription factors which define the intermediate or terminal states of cell differentiation.
To some extent it has even proved possible to reprogram terminally differentiated cells by misexpression of transcription factors appropriate to a different cell type (Gurdon and Melton, 2008; . However such procedures frequently have no effect or give partial transformations resulting in mixed phenotypes. Because of the importance of the pancreatic beta cell for control of blood sugar, and its role in diabetes, considerable effort has gone into elucidation of the pathways of pancreatic development in recent years (Gittes, 2009; Grapin-Botton et al., 2007; McKnight 0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013. 08.002 et al., 2010; Murtaugh and Melton, 2003; Rieck et al., 2012) . Methods for generating cells with a beta-like phenotype have also attracted much attention because of the prospect that these cells could be used for transplantation therapy of type 1 diabetes (Bonner-Weir and Weir, 2005; Gangaram-Panday et al., 2007; Miszta-Lane et al., 2006) .
In showed that the three gene combination Pdx1, Ngn3 and MafA could reprogram pancreatic exocrine cells of adult mice into a beta-like phenotype . PDX1 normally controls growth and development of the pancreatic bud, NGN3 is required for formation of endocrine progenitors, and MAFA (and also PDX1 again) are required for maturation of beta cells (Gittes, 2009; Grapin-Botton et al., 2007; McKnight et al., 2010; Murtaugh and Melton, 2003; Rieck et al., 2012) . Our laboratory had previously found that overexpression of the gene for an activated form of PDX1 (PDX1-VP16) in the immature liver of Xenopus tadpoles could bring about a reprogramming to pancreas (Horb et al., 2003) . In view of the potency of Pdx1 + Ngn3 + MafA (here referred to as PNM) on adult pancreatic exocrine cells, we were interested to find what was the susceptibility of the cells of the liver to this gene combination. The liver is developmentally related to the pancreas as it arises from the same region of the embryonic endoderm, which becomes partitioned into liver and pancreatic buds depending on the concentration of FGF and BMP secreted by the neighboring cardiac mesoderm (Chung et al., 2008; Deutsch et al., 2001; Gouon-Evans et al., 2006; Zaret and Grompe, 2008) . This close developmental relationship may mean that the chromatin configuration of mature liver cells still allows access by pancreatic transcription factors to their target genes and so their overexpression can be effective at phenotypic reprogramming (Kraus and GrapinBotton, 2012) . In studies on adult mice we have found that PNM has two effects. It will reprogram hepatocytes to a mixed phenotype which has some properties of beta cells and some of hepatocytes. It will also reprogram a Sox9 positive cell population, probably cells of small bile ducts, to a different mixed phenotype having some properties of beta cells and some of ducts (Banga et al., 2012) . In view of the previous experience with Pdx1-VP16 in Xenopus, we were interested to examine the susceptibility of embryonic liver to this three gene combination and this is done in the present paper.
The experiments were carried out using in vitro cultures of cells from embryonic mouse liver buds. These are mixed cultures containing both epithelial and mesenchymal cells and, later on, also some ductal plate cells. Ductal plate cells express Sox9 and later give rise to the epithelium of the biliary system (Antoniou et al., 2009; Carpentier et al., 2011; Delous et al., 2012; Lemaigre, 2003) . Cultures were transduced with Ad-PNM, which is an adenoviral vector encoding all three genes: Pdx1, Ngn3 and MafA. Adenovirus is a DNA virus which is suitable for transient overexpression as it does not integrate into the host cell genome.
Our results show that PNM brings about a partial reprogramming to insulin-positive cells and that the competence to respond declines during the second half of the gestation period. The cells of origin are mostly hepatoblasts although there is also a small contribution from Sox9-positive cells, which are presumed biliary precursors. As seen previously with pancreatic exocrine cells (Akinci et al., 2012) , the reprogramming appears to be incomplete. Although the cells do secrete insulin they do not respond appreciably to glucosestimulation, as do normal beta cells. They also have lower insulin content than normal beta cells and express hormones characteristic of other pancreatic endocrine cell types. These are all characteristics of immature beta cells so suggest that the embryonic hepatoblasts are diverted in their development by the three transcription factors to become immature pancreatic endocrine cells.
Results

Induction of a partial beta cell phenotype in embryonic liver cultures
Embryonic liver cultures were established from CD1 mice and were transduced with Ad-PNM. Previous work with this three gene vector has shown that it is much more effective than co-transfection with individual vectors encoding the three genes separately (Akinci et al., 2012) . The cultures were set up from gestation days E12-E18. Liver buds were dissected from the embryos, minced with forceps and collagenased to dissociate them into single cells. These were filtered through a 100 micron mesh and plated in Kubota's medium (Kubota and Reid, 2000) on a Matrigel substrate. Cultures were exposed to Ad-PNM for three days and on the following day were fixed for immunostaining or processed for Q-RT-PCR analysis.
The appearance of control cultures is shown in Fig. 1 . They appear as islands of epithelial cells separated by areas of mesenchyme. The epithelial cells stain positive for a number of hepatoblast or hepatocyte markers: a-fetoprotein (AFP), Ecadherin, epithelial cell adhesion molecule (EpCAM), OV6, and albumin. The AFP level decreases and the albumin level increases over the period E12-E18. Following Ad-PNM transduction, a large number of insulin-immunopositive cells appear (Fig. 2) , while none are seen in control cultures. Fig. 2A -C shows the concordance between insulin expression and the expression of the three virus-encoded proteins: PDX1, NGN3 and MAFA. Many more cells become transduced with virus than express insulin. Those that do express insulin are not those showing the highest level of virus-encoded proteins, rather they appear to show medium levels. There was a pronounced difference in the number of insulin-positive cells seen depending on the embryonic stage at which the cultures had been initiated. The overall proportion of insulin-positive cells peaked at about 17% for cultures initiated in the period E14-16 (Fig. 3A-D) . In Fig. 4 are presented quantitative data. This shows that the level of virus transduction, measured by the number of cells expressing PDX1, increased only slightly with stage, (E12-E18, p = 0.014, differences for lesser intervals are not significant). On the other hand the proportion of insulin-positive cells, as a fraction of virus-transduced cells, is low for early and late stages and peaks for E14-initiated cultures at 29.7 ± 2.6%. By E18-initiated cultures it has fallen to 3.2 ± 0.09%. For the comparison between E14 and E18 initiated cultures the p-value is 0.007. Previous work on hepatocytes isolated from postnatal and adult mouse liver showed no insulin-positive cells, although some are obtained from rat hepatocytes (Akinci et al., submitted for publication).
Maintenance of cultures over long periods was difficult because of the death of epithelial cells and their overgrowth by mesenchymal cells. However some long term cultures were successfully conducted ( Fig. 3E-H) . These showed that insulin-positive cells could persist for at least 5 weeks, that they possessed a medium level of nuclear PDX1, and that they did not express a-fetoprotein or albumin. We were not able to isolate the reprogrammed cells from the cultures so the RT-PCR analysis is necessarily of mixed cell populations. It shows upregulation of a suite of genes characteristic of beta cells (Fig. 5 ). They include genes for the hormones insulin 1 and 2 (rodents have two insulin genes), and for the transcription factors: PAX4, RFX6, MNX1, ISL1, NKX6.1 and NeuroD. Moreover the endogenous counterparts of the input genes, Pdx1-UTR and Ngn3-UTR were upregulated as assessed by using PCR primers complementary to the 3 0 UTR (MafA has no 3 0 UTR). Also upregulated were the genes for glucokinase and KCNJ11, which are components of the glucose-sensing In addition to the indicated antibodies in green they are also stained for insulin (red), for which they are all completely negative, and for DAPI (blue). These were fixed after two days of culture. Scale bar 100 lm.
mechanism. Slc2a2, encoding the glucose transporter GLUT2, is also highly expressed but is normally expressed in hepatocytes as well as beta cells. Expression of the genes typical of hepatoblasts or hepatocytes, Alb, Afp, Trf, Hnf4a, C/ebpa, was not reduced, presumably because of the fact that many of the cells were not reprogrammed. Although the PCR analysis indicates upregulation of a panel of genes typical of beta cells, there are also genes encoding products characteristic of other pancreatic endocrine types, notably the transcription factor ARX, and the hormones glucagon, somatostatin and pancreatic polypeptide (PP). Expression of the gene for the characteristic exocrine product amylase is missing, indicating that the reprogramming is not to pancreas in general, but to an endocrine precursor, or a mixed endocrine type of cell. Comparison of these results with similar studies already published shows that the reprogrammed hepatoblasts are more similar to reprogrammed cells isolated from adult liver than they are to reprogrammed pancreatic exocrine cells (Akinci et al., 2012; Banga et al., 2012) . In terms of beta cell characteristics both liver cell populations show greater enhancement of expression of NeuroD, Nkx2.2 and Slc30a8 (encoding a zinc transporter). However, they also show higher levels of Arx and non-beta type hormone genes, especially that encoding glucagon. The pancreatic gene expression profile is generally similar to that of whole islets, which include the non-beta endocrine cells (Banga et al., 2012) .
Cell division and insulin secretion
To examine cell division after the Ad-PNM transduction, cultures were exposed overnight to ethynyl deoxyuridine (EdU) and fixed the next day for EdU detection and immunostaining. If the EdU label was given before the Ad-PNM, a proportion of the insulin-positive cells were positive for EdU. However, when the Ad-PNM was given first, followed by the EdU, then the insulin-positive cells showed virtually no EdU labeling ( Fig. 6 ; p = 0.003 for pre-versus post-Ad-PNM label). This shows that the reprogrammed cells are no longer dividing, something seen previously with pancreatic exocrine cells reprogrammed with Ad-PNM (Akinci et al., 2012). The insulin protein content of the reprogrammed cultures was measured by ELISA. This showed that the content was 336 ± 6 pg/microgm total protein. By comparison, the figure for adult mouse islets measured by the same method was 10,970 pg/microgm. This suggests that the reprogrammed cells have only about 3% of the insulin content of mature beta cells. Insulin was secreted into the medium by the reprogrammed cells. Some experiments showed a modest (two fold) degree of stimulation of insulin secretion when the glucose was raised from 2.8 to 20 mM. However this was not reproducible and the majority of cultures showed no glucose sensitivity (Fig. 7A) . Under the same conditions, adult mouse islets showed the expected enhancement of secretion in the presence of high glucose (Fig. 7B) . The low insulin content and the general lack of glucose sensitivity indicates that the reprogrammed cells have an immature beta cell (or mixed endocrine cell) phenotype rather than a mature one.
Cell lineage of beta-like cells
We investigated the cell lineage of the reprogrammed cells in two ways. One used co-immunostaining of the cultures and the other employed a genetic lineage label for Sox9, which is expressed in cells of the ductal plate of embryos which later give rise to the biliary system (Antoniou et al., 2009; Carpentier et al., 2011; Delous et al., 2012; Lemaigre, 2003) .
As shown in Figs. 1 and 2 the liver bud cultures formed islands of epithelial cells surrounded by mesenchyme. The insulin-positive cells always arose within the epithelial islands and not in the mesenchyme. This is clearly apparent in Fig. 2D-I . Some of the epithelial markers, especially E-cadherin, appeared to be lost rapidly from insulin-positive cells but others were retained for the three day culture period. In Fig. 8A is shown a co-staining for insulin and AFP.
Quantification of results from co-staining showed that the proportion of insulin-positive cells also positive for AFP is 91.6 ± 4.4%. and the proportion of insulin-positive cells also positive for albumin is 98.8 ± 0.5%. This indicates that most of the insulin-positive cells retain the hepatoblast or hepatocyte markers over three days, indicating that they are derived from hepatoblasts. Over prolonged culture these liver markers are lost suggesting that their genes are downregulated in the reprogrammed cells ( Fig. 3F and G) . In the three day cultures there are no insulin-positive cells in the mesenchymal spaces between the epithelial islands, consistent with the idea that they derive from hepatoblasts (Fig. 2I) . It is not possible to quantify this by cell counting as some vimentin does appear in the epithelial cells over the culture period.
The other method employed the Sox9-CreER; mTmG transgenic mouse strain which we have used previously (Banga et al., 2012) . On treatment with tamoxifen, cells with the Sox9 promoter active, which are making CreER, recombine their reporter genes such that a membrane bound td-Tomato protein becomes replaced by a membrane bound GFP. These cells will then remain green even if the Sox9 gene is no longer active. For the present study, embryonic liver cultures from E14 were treated over 3 or more days with tamoxifen to label the Sox9 expressing cells. They were then treated for one day with Ad-PNM to induce reprogramming. After a further three days of culture they were fixed for analysis. Following this procedure, about 4% of cells were green, indicating the level of expression of Sox9 during the first three days. 23 ± 0.8% were insulin-positive. 37.7 ± 4.6% of the green cells were insulin-positive, showing that the Sox9 population does indeed contribute to the reprogrammed cells. However, only 6.4 ± 2.0% of the total insulin-positive cells were green. If the tamoxifen treatment period is extended to 7 days and the Ad-PNM is given afterwards, the differences from 4 days are not significant (p > 0.05 for the proportion of GFP cells which are insulin-positive and the proportion of insulin-positive cells that are GFP-positive). This indicates that the efficiency of recombination is approaching 100% after three days, which would be consistent with our earlier experiments with whole mice of this strain. Evidently a proportion of the beta-like cells do arise from the Sox9 population. However the majority arise from hepatoblasts.
Discussion
Susceptibility of embryonic liver
Our results show that embryonic liver is quite susceptible to partial reprogramming by PNM. Parallel studies on a variety . However a hepatoblast-like cell line called ASH does give comparable results to those described here, albeit with a lower percentage of insulin-positive cells. We can conclude that embryo mouse liver is significantly more susceptible than adult. The reasons for this will require further investigation but one possibility is that the chromatin configuration of hepatoblasts is substantially different from that of mature hepatocytes. This was shown by (Kyrmizi et al., 2006) in a chromatin immunoprecipitation study in which it was found that although the same transcription factors control the cell state in the embryo and adult, the number and extent of cross regulatory connections is much higher in the adult. There was also some change between E14 and E18, consistent with the reduction of competence for reprogramming that we observe during this period. In an earlier study on Xenopus we showed that the activated form of Pdx1, Pdx1VP16, could completely reprogram 3d tadpole liver to pancreas (Horb et al., 2003) . However subsequent unpublished work showed that this effect was lost by one week of development, which is again consistent with the present result on mouse embryo liver.
Extent of reprogramming
In recent years there have been a number of studies showing reprogramming of one cell type to another by the overexpression of specific transcription factors. These include the conversion of pancreatic exocrine cells to hepatocytes (Shen et al., 2000) , B lymphocytes into macrophages (Xie et al., 2004) , pancreatic exocrine cells to endocrine cells , fibroblasts to neurons (Vierbuchen et al., 2010) or fibroblasts to cardiomyocytes (Ieda et al., 2010) . 1-4 transcription factors are needed, and they are selected from those involved in the normal embryonic development of the cell type in question (Slack, 1985 (Slack, , 2007 . In this context it is important to distinguish between genuine reprogramming of cell type and transient upregulation of individual target genes by the introduced factors. Genuine reprogramming involves a permanent and stable new state, which is maintained in the absence of the introduced factors. It is always difficult to be sure that this has really occurred in cases where the new cell type is postmitotic, as even non-integrating viral vectors may persist for a long time in such cells. In the case of reprogramming to induced pluripotent stem cells (Nishikawa et al., 2008; Takahashi and Yamanaka, 2006) this problem does not arise, as the cells divide rapidly and clearly maintain their new state. In the present study arguments in favor of reprogramming are as follows. First there is a whole battery of new genes upregulated, not just direct targets of the input factors. Secondly, the endogenous counterparts of Pdx1 and Ngn3 are upregulated. This is probably also true of MafA but it is not possible to prove it because of the lack of a 3 0 UTR in its transcript. Expression of endogenous counterparts is one important precondition for the new state to be stable in the absence of the initiating factors. Thirdly, insulin-positive cells can persist for long periods, at least 5 weeks in our experiments. Fourthly, the new phenotype is very similar to that which we have observed in other work which involved the demonstrable loss of the viral vector (Banga et al., 2012) . For these reasons we think it probable that this system does display reprogramming although we cannot be completely certain of this. The actual phenotype of the insulin-positive cells has many features in common with real beta cells but there are also several differences. In particular the presence of some non-beta type endocrine markers suggests that, as in the other systems we have examined, the reprogramming here is incomplete, perhaps to a multiendocrine or immature form of cell (Teitelman et al., 1993) . This is compatible with the low insulin content and the general lack of glucose sensitivity of insulin secretion. The generation of immature beta cells is also often observed in procedures to make beta cells from embryonic stem cells (Cheng et al., 2013; D'Amour et al., 2006; Hosoya et al., 2012) .
The loss of cell division by the insulin-positive cells is similar to what we have seen with reprogrammed pancreatic exocrine cells (Akinci et al., 2012) . Real beta cells also do not divide much (Bonner-Weir, 1994; Bouwens and Rooman, 2005) and this suggests that expansion of reprogrammed cells in vitro will be difficult.
Origin of insulin-positive cells
In recent years several laboratories have reported procedures whereby cells of the adult liver can be induced to produce insulin by the overexpression of transcription factors normally involved in pancreatic endocrine development (Ber et al., 2003; Ferber et al., 2000; Kaneto et al., 2005; Kojima et al., 2003; Miyatsuka et al., 2003; Yechoor et al., 2009 ). The liver contains two distinct types of epithelial cell: the hepatocyte and the biliary epithelial cell. These both arise from the hepatoblasts present in the early liver bud (Si-Tayeb et al., 2010) . Based on the markers present on the epithelial islands in our cultures (AFP, E-cad, EpCAM, OV6) we consider these cells to be hepatoblasts. The biliary system normally arises in the second half of gestation from structures called ductal plates which form around the portal veins (Shiojiri, 1997) . The Sox9 gene is expressed in early cells of the ductal plates and its expression persists in small but not large bile ducts after birth (Antoniou et al., 2009; Carpentier et al., 2011) . In our system using Sox9CreER; mT/mG liver cultures it was possible to visualize GFP-positive cells after tamoxifen treatment, numbering less than 10% of total cells. Since they must be expressing Sox9 at the time of treatment we consider them to be ductal plate cells.
The co-expression for a period of AFP or albumin, together with insulin, indicates clearly that a high percentage of the insulin-positive cells derive from hepatoblasts. The Sox9 labeling experiment in addition shows that a minority of insulin-positive cells derive from ductal plate cells that have commenced expression of Sox9. The fact that both hepatoblasts and Sox9 cells can give rise to insulin-positive cells is comparable to our in vivo results (Banga et al., 2012 (Banga et al., , 2013 . In vivo there is evidence for glucose sensitivity of the Sox9-derived cells and it remains possible that the Sox9 derived cells in the current work are glucose sensitive, but as a small minority they would not be observable against the background of the majority of hepatoblast-derived cells.
In recent years there has been considerable interest in producing beta cells in vitro for potential transplantation therapy of patients with type 1 diabetes (Fryer et al., 2013; Weir et al., 2011) . We believe that the demonstrable greater susceptibility of embryonic cells demonstrated here should assist the progress of this work.
4.
Experimental procedures
Isolation of mouse embryonic hepatoblasts and viral infection
Animal experiments were conducted under University of Minnesota IACUC Protocol #1002A78295. Embryonic liver buds were isolated from CD1 mouse embryos at E12, E14, E16, and E18. Hepatoblasts were released by disrupting liver tissues by pipetting and dissociating them with 0.5 mg/ml collagenase (Worthington) at 37°C for 20-30 min. The single cell suspension was filtered through a 100 lm cell strainer (BD Biosciences) to remove clumps and debris. About 10 6 cells were plated on Matrigel (BD Biosciences)-coated plates and maintained in Kubota's medium (Kubota and Reid, 2000) . After 2 days, cells had spread to 80-90% confluence, and Ad-PNM was administrated at a nominal multiplicity of infection (MOI) of 10,000. The medium was changed every day during the culture period.
Ad-PNM is a first generation adenoviral vector encoding Pdx1, Ngn3 and MafA joined by 2A sequences. Its construction is described in (Akinci et al., 2012 ). Kubota's medium is a 1:1 mixture of DMEM and Ham's F12 (DMEM/F12; Gibco) supplemented with 20 ng/ml recombinant human epidermal growth factor (rhEGF; Gibco), 5 lg/ml human recombinant insulin (Invitrogen), 10 À7 M dexamethasone, 10 lg/ml bovine holo- 
Immuno and EdU staining
Cultures were fixed 3 days after Ad-PNM administration with formalin (1:10 dilution (buffered), Protocol, Fisher Scientific Company L.L.C) for 15 min. After washing, cells were permeabilized with 0.5% TritonX-100 in PBS for 30 min. They were blocked with PBS + 0.3% TritonX-100 and 10% normal goat serum (Jackson ImmunoResearch) for 1 h, then samples were incubated with primary antibodies overnight. Secondary antibody incubation was 1 h.
Primary antibodies used were as follows: rabbit and goat anti-albumin (1:100 dilution; Bethyl Laboratories); rabbit anti-AFP (1:100 dilution; ProteinTech); rabbit anti-PDX1 (1:1000 dilution; Millipore); rabbit anti-NGN3 (1:100 dilution; Santa Cruz Biotechnologies); rabbit anti-MAFA (1:100 dilution; Santa Cruz Biotechnologies); guinea-pig anti-insulin (1:200 dilution; Abcam); mouse anti-vimentin (1:200 dilution; Sigma); mouse anti-Ecad (1:100 dilution; BD Biosciences); mouse anti-epithelial cell adhesion molecule (EpCAM; 1:100 dilution; Santa Cruz Biotechnology); mouse anti-OV6 (1:200 dilution; R&D systems). Secondary antibodies used were as follows: alexa fluor 488 goat anti-rabbit IgG; alexa fluor 488 rabbit anti-mouse; alexa fluor 594 goat anti-guinea pig IgG; alexa fluor 647 goat anti-guinea pig IgG; alexa fluor 555 goat antirabbit IgG. All secondary antibodies were used in 1:500 dilution (Invitrogen). Images were taken on a Leica DMI6000 B inverted microscope by a Retiga2000 camera using iPLab. t-tests were used to assess the significance of differences.
For EdU staining cultures were incubated with 10 lM EdU for 2 h or overnight. They were fixed in formalin and were stained for EdU using a Click-iT EdU 488 Imaging kit (Invitrogen). Images were taken using Leica DMI6000 B inverted microscope.
Results shown in Figs. 1-3, 6 and 7 are based on three or more independent experiments. Cell counts given in the Results are expressed as means ± standard error and t-tests were used to assess the significance of differences.
4.3.
Insulin secretion 7 days after Ad-PNM transduction, E14 hepatoblasts (100% confluence, $2 · 10 6 ) plated in 6-well plates were incubated in Krebs-Ringer buffer (KRB) at 37°C for 45 min to release any adsorbed insulin. Then cells were incubated in KRB supplemented with 2.8 mM glucose or 20 mM glucose for 45 min at 37°C. Cells without Ad-PNM administration were used as control. After incubation, a protease inhibitor cocktail was added to each sample according to the manufacturer's manual (Complete Mini, Protease inhibitor cocktail tablets, Roche Diagnostics). The medium was collected and diluted in KRB to a suitable level for measurement. The cells were detached with trypsin, and resuspended in KRB. A sample was used for a total protein measurement with the Pierce BCA Protein Assay kit (Thermo Scientific). After homogenization with an insulin syringe the cells, with protease inhibitors, were rotated overnight at 4°C and centrifuged (12,000 rpm, 5 min at 4°C). Then the supernatant was collected for measurement of total insulin content. The concentrations of medium insulin and total insulin were measured using an Ultrasensitive Mouse Insulin ELISA kit (ALPCO), according to the manufacturer's protocol. Insulin measurements per lg cell protein are expressed as means ± standard error and t-tests were used to assess the significance of differences, as shown in the results
To isolate adult mouse islets the common bile duct was cannulated posterior to the branching point. Using a 30 gauge butterfly needle and a 3 ml syringe, distension solution containing Hank's balanced salt solution supplemented with 10 mg/ml insulin, 1% heparin and 5 mg/2.5 ml collagenase was injected through the duct until the pancreas was fully distended. The pancreas was then taken out and incubated at 37°C with the remaining distension solution. After 10 min it was vortexed and digested for an additional 6 min. Stop solution was then added containing FBS and it was centrifuged for 2 min at 700 rpm at 8°C. The pellet was resuspended in the stop solution and the mixture passed through the 850 lm strainer. This solution was the centrifuged for 3 min at 1000 rpm at 8°C. The pellet was resuspended in FBS and layered on a gradient maker containing OptiPrep Separation medium (Bioexpress) and gradient stock solution (Cellgro). It was then spun at 1750 rpm for 40 min. The upper fraction containing the layer of islets was collected. It was resuspended in Krebs-Ringer buffer and, using a 200 ml pipette, the islets were removed from any remaining non-islet tissue. The islets were allowed to recover for 2 days then resuspended in fresh Krebs-Ringer buffer for the assays.
4.4.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
Total RNA from the liver bud pieces or cell cultures was isolated using TRI reagent (Sigma-Aldrich), according to the manufacturer's protocol. Extracted RNA samples were incubated at 37°C with DNase enzyme (Promega) for 45 min, 3 times, to achieve a complete elimination of potential residual genomic DNA. Then 2 lg RNA was used to synthesize cDNA by SuperScript III Reverse Transcriptase, random primers, dNTP (10 mM) and RNaseOUT Recombinant Ribonuclease Inhibitor (Invitrogen). The PCR program was an initial denaturation at 95°C for 30 s, following by 40 cycles of amplification which was denaturation at 95°C for 5 s and then annealing and extension at 60°C for 20 s. The gene expression profiles were compared by qRT-PCR for Glyceraldehyde-3phos-phate dehydrogenase (Gapdh), mouse Albumin (Alb), Alpha fetoprotein (Afp), Transferrin (Trf), hepatocyte nuclear factor 4 alpha (Hnf4a), CCAAT-enhancer binding protein alpha (C/ebpa), Ins1, Ins2, endogenous Pdx1, Glucagon (Gcg), Somatostatin (Sst), Pancreatic polypeptide (Ppy), paired box 4 (Pax4), regulatory factor X 6 (Rfx6), potassium inwardly-rectifying channel subfamily J member 11 (Kcnj11), glucokinase (Gck), motor neuron and pancreas homeobox1 (Mnx1), glucose transporter 2 (Glut2, Slc2a2), SRY-box containing gene 9 (Sox9), Pdx1, Ngn3, aristaless related homeobox (Arx), NK2 homeobox 2 (Nkx2.2), Amylase 2a1 (Amy2a1), endogenous Ngn3, Nkx6.1, ATP-binding cassette transporter sub-family C member 8 (Abcc8), Isl1, solute carrier family 30 member 8 (Slc30a8), neurogenic differentiation factor 1 (NeuroD1). Primer sequences are available on request. The expression levels of the genes of interest were expressed relative to transcripts of the gene for the ubiquitous enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which was normalized to zero.
Sox9 lineage tracing
Animal experiments were conducted under University of Minnesota IACUC Protocol #1002A78295. Sox9-CreERT2; mT/mG animals were generated by mating heterozygous Sox9CreERT2 males with homozygous mT/mG females. mT/ mG is a double-fluorescent Cre reporter mouse that expresses membrane-targeted tandem dimer Tomato (mT) prior to Cremediated excision and membrane-targeted green fluorescent protein (mG) after excision (Muzumdar et al., 2007) . Livers were dissected from embryos and used to set up cultures in Kubota's medium. These were treated with a final concentration of 100 nM tamoxifen for 3 or more days. 50% of cultures showed green cells, indicating they had the Sox9CreERT2 gene. After washing with PBS for 5 times, cells were infected by Ad-PNM and fixed for immunostaining after a further three days. Because the tissue contains considerable red fluorescence from the tdTomato, the second antibody for insulin is here alexa fluor 647 goat anti-guinea pig IgG which is viewed in far red and shown as magenta on our figures. Images were taken using Leica DMI6000 B inverted microscope. Cell counts are expressed as means ± standard error and t-tests were used to assess the significance of differences, as shown in the results.
